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Abstract 

We investigate the forward-backward asymmetries in the pair production of fourth family fermions 
through the new Z' interactions in the e^e^ collisions. The Z' boson having family universal 
couplings can contribute to the pair production of fourth family fermions via the s-channel exchange. 
The linear colliders will provide a clean environment for the physics of Z' boson to measure its 
■ couplings precisely. The effects of the Z' boson to the asymmetries are shown to be important 

f-^ • in some parameter regions for different Z' models. Among these parameters, the invariant mass 

r~| . distribution mpp will be an important measurement to constrain the Z' models. Providing the 

fourth family fermion exist in an accesssible mass range, a analysis can also be used to probe 
the Z' models at linear collider energies. 
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I. INTRODUCTION 



Even though we observe three famihes of quarks and leptons of the Standard Model 
(SM), however there could be a fourth family if their masses are beyond our present exper- 
imental reach. A family extension to the SM fermion families contains the quarks t' and 
6', and charged lepton /' with its associated neutrino v' . The allowed parameter space for 
a fourth family is restricted by the experimental searches, precision electroweak measure- 
ments, theoretical constraints from the requirements of unitarity and perturbativity. Data 
from the experiments at Tevatron restricts the masses of t' and h' quarks in the fourth family: 
Mt> > 335 GeV at 95% CL. [1] assuming t' W+q (where q = d,s, h) and M^, > 338 GeV 
at 95% CL. assuming b' — ?■ W~t. However, in some mixing scenarios the lower limit on 
the t' mass increases to Mf > 400 GeV [3]. From direct production searches at LEPII, there 
is a lower limit of the order of 100 GeV for the fourth family charged lepton and unstable 
neutrino. The precision measurements restrict the mass splitting between the fourth family 
eptons |M;/ - M^,,] ^ 30 - 60 GeV and the fourth family quarks \Mt' - Mfe/| ^ 50 - 70 GeV 

im. 

The fourth family quarks and leptons could also couple to an extra neutral gauge boson 
different from the three SM families. A new neutral gauge boson Z' can have family universal 
or non-universal couplings to fermions. The indirect searches of the Z' boson can also be 
performed at linear colliders where the discovery limits are related to the deviations from 
the SM predictions for the cross sections and asymmetries due to the interference effects 
between the propagators. The Z' boson having family universal couplings can contribute to 
the pair production of fourth family fermions via the s-channel exchange. The linear collider 
provides a clean environment for Z' physics, and can measure the couplings precisely. 

In the extensions of the SM with U{1)^ x U{1)^ gauge symmetry, the fields Z[p and Z'^ 
can be massive and their states can mix, therefore, a relatively lighter mass eigenstate can 
be written as Z'{6) = Z'^cosO + Z'^sinO. A set of Z' models have some special names: 
the sequential Z'^ model has the same coupling to the fermions as that of the Z boson of 
the SM; the Z'^, Z'^ and models corresponding to the specific values of the mixing angle 
6 (0, 7r/2 and arctan a/3/5, respectively) in the Eq model have different couplings to the 
fermions; the Z'^_^ model has the couplings related to the minimal B — L (where B and L 
are baryon and lepton numbers, respectively) extension of the SM. The detailed descriptions 
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of the Z' models, as well as the specific references can be found in Refs. 6|-|9|. The current 
experimental searches of the Z' boson from Drell-Yan cross sections at Tevatron have put 
lower limits on the mass range 0.6 — 1.0 TeV at 95% CL. depending on the specific Z' 



models 



lOf. From the electroweak precision data analysis, the improved lower limits on 



the Z' mass are given in the range 1.1 — 1.4 TeV at 95% CL. ll|. These limits on the Z' 
boson mass favors higher energy (> 1 TeV) collisions for direct observation of the signal. 
It is also possible that the Z' bosons can be much heavy or weak enough to escape beyond 
the discovery reach expected at the LHC In this case, only the indirect signatures of Z' 
exchanges may occur at the high energy colliders. 

Recently, DO and CDF Collaborations have measured the forward-backward (FB) asym- 
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in the 



arg e tt invariant mass region, while 



14| . which differ by about 3cr devia- 



metries of top quark J^p^ at Tevatron 
the J^pj^ was measured in the Z boson decays at LEP 
tions from the SM expectations, without affecting significantly the well behaved total cross 
sections. Several models of new physics have been considered to explain these asymmetries 
(see Refs. 15l-ll7f and references therein) at hadron colliders. 

In this study, we investigate the forward-backward asymmetries for pair production 
of the fourth family fermions Fi (t' , b' , I', u') within the Z' models at linear collider energies 
of 1 TeV and 3 TeV. The linear colliders, namely the International Linear Collider (ILC) 



described in 



19] and the Compact Linear Collider (CLIC) described in 2l|, have been 



designed to meet the basic parameters required for the planned physics programs 



20| and 



22|, respectively. The effects of the Z' boson to the asymmetries of fourth family fermions 



at linear colliders are shown to be important in some parameter regions for the sequential 
model, some special E6 models and the B — L model. We will typically consider the mass of 
the fourth family charged lepton greater than 200 GeV and the masses of the fourth family 
quarks greater than 350 GeV, which are safely above the direct production bounds. 



II. INTERACTIONS WITH FOURTH FAMILY FERMIONS 

The interactions of the fourth family quarks {Qi) via neutral gauge bosons {g,'-f,Z,Z') 
and fourth family leptons (Lj) via electroweak gauge bosons (7, Z, Z') can be described by 
the following Lagrangian. We also include the interactions of fourth family fermions (Fj) 
with three known families of fermions (/j) through the charged currents (via bosons) 
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Table I: The family independent vector and axial-vector couplings to new Z' boson predicted by 
different models. 
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to be read as 



-^fFa'{c^ - ch')F,z, - ^-fFa'-ic'y^ - c'I^')f^z'^ + h.c. (i) 

where Qs, Qe, 9z are the strong, electromagnetic and weak-neutral couphng constants, re- 
spectively. The G^, A^, and are the fields for gluons, photon, W and Z bosons, 
respectively. The C'y (Cy) and C\ {Ca) are vector and axial-vector couplings with the Z' 
(Z) boson and they are given in Table HI 

The decay widths into the heavy fermion pair FF and W^W~ bosons are given as 



r (Z' ^FF)^ ii^V 1 - ^ [(C^ )' (-"^F + Ml.) + (cTf (Ml, + 2Af|)] (2) 



r (z' ^ W-W-) = Ji _ f M, ^ * 



1927r M^/M,l V Ml, V Mz' 
X [M|, + 16M^M|, - 68M^M|, - 48M^] (3) 
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Figure 1: The decay widths of Z' boson predicted by different models in the case of three (left) and 
four (right) fermion families. 
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Figure 2: The branching ratios of Z' boson predicted by different models depending on its mass. 

where is the color factor (3 for quarks and 1 for leptons), and gz' is the couphng constant 
for Z' boson. The M^, Mz' and My^ are the masses for Z, Z' and W bosons, respectively. 
The Mp is the mass of heavy fermion. The mixing term between the Z' boson and Z boson 
is assumed to be of the order of M\jM\i^ hence a mixing factor k scales this extension 
depending on the specific Z' models. In the sequential model the factor k is chosen to be 
unity, which is a reference for the purpose of comparison. In Fig. [T]we present the decay 
width of Z' boson versus the mass Mz' in case of three and four fermion families. As it can 
be seen from Fig. [T]that the total decay width of the sequential Z' boson is about 90 GeV 
for three families and 120 GeV for four families at a mass value of Mz' = 3000 GeV. It turns 
out that the branching ratios of all fermionic modes are not sensitive to Mz', leading to the 
fractions of about 0.7, 0.2, 0.1 and 0.02 for Z' qq, Z' uV, Z' ^ l+l- and Z' W+W', 
respectively for the sequential Z' model. Here, the qq mode includes the quarks of four 
families, and the l^l'{vi') mode includes the charged leptons (neutrinos) of four families. 
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Table II: The cross sections (fb) for the fourth family pair production processes (without Z') at 
CLIC with ^/s = 3 TeV. The numbers in paranthesis shows the results for ILC with ^/s = 1 TeV. 
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III. CROSS SECTIONS 

Using the interaction Lagrangian (1) we calculate the differential cross section for the pair 
production of fourth family quarks and leptons in the collisions of 6+ and e~ beams. The an- 
alytical expressions for the differential cross section are given in the Appendix. We calculate 
the cross section for pair production of fourth family quarks (leptons) taking their masses in 
the interval 300-1000 (200-800) GeV. Table HTl shows the production cross sections without 
Z' contribution at ILC and CLIC energies. The ILC with ^/s = 1 TeV has advantegous up 
to the kinematical range {mp < 500 GeV) for the pair production cross section. However, 
the CLIC with ^/s = 3 TeV extends the mass range for the fourth family fermions. In order 
to see the contributions from Z' boson exchange and its interference we also calculate the 
cross sections assuming the reference mass values My = 350 GeV and M,^/ = 100 GeV with 
the constraints Mf ~ Mj,/ + 50 GeV and M;/ ^ M^i + 100 GeV. These cross sections are 
shown in Table Im] for ILC with = 1 TeV and in Table HV] for CLIC with = 3 TeV 
within different models. Here, we assume the Z' boson mass m^/ = 1500 TeV. 

The leptonic decay mode of the Z' boson has lower branching ratio than the hadronic 
one, but the cross section for the process e~e+ — > I'^l'^ is comparable with the t'i! pair 
production for some Z' models. The intermediate goals after the discovery of the Z' boson 
and the fourth family fermions would be to understand their properties and couplings. The 
forward-backward asymmetry and the invariant mass spectrum of the heavy fermions could 
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Table III: The cross sections for the processes e — )• FF (where F = t' ,b' ,1' ,1^') at the colhsion 
center of mass energy = 1 TeV. 



Cross sections (fb) 
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Table IV: The same as Table UTTl but for y/s = 3 TeV. 
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help to identify the nature of these new particles. 

IV. FORWARD-BACKWARD ASYMMETRY 

The forward-backward asymmetry Aps '^^ defined as the relative difference between the 
cross sections with cos^ > and cos9 < 0, being 9 the angle between the heavy fermion F 
and initial electron in the center of mass frame: 

(t(cos6' > 0) - o-(cos6' < 0) 
(t(cos^ > 0) + a(cos^ < 0) 

Since the photon has only vector-like couplings to charged fermions the photon exchange 
can not generate an asymmetry, while the Z boson and Z' boson exchange and their inter- 
ference can generate asymmetry for the fourth family fermions. If the heavy fermions are 
localized differently along a new dynamical symmetry breaking, one can then expect that 
the interactions of heavy fermions can be different from the ones of the light fermions. The 
presence of the s-channel resonance in FF production could be identified by an examination 
of the invariant mass distributions with sufficient statistics. It is seen from Figs. |2] and H] 



7 



1200 1400 
Mr(GcV) 



3000 
Mz.(GeV) 




Figure 4: The same as Fig. [3l but for 6' quark. 

that the asymmetry changes sign at a value of the Mz' near the center of mass energy. Figs. 
E] and E] show the asymmetries for the fourth family leptons depending on the Z' mass. At 
relatively low Mz'the asymmetry value is around 0.55 (0.7) for t' pair production with the 
contribution of sequential Z' boson at the center of mass energy of 1 (3) TeV. While it has 
the value around 0.25 (0.3) for the large mass region at y/s=l (3) TeV. 

In order to see how the asymmetry changes depending on the heavy fermion mass Mp 
we plot Fig. [7] without Z' contribution. For the forward-backward asymmetry of the fourth 
family fermions depending on the invariant mass (Mpp) cut and the initial state radiation 
(ISR) and beamstrahlung (BS) effects, we use CalcHEP [23] with the beam parameters for 
the ILC \m] and CLIC [21] as presented in Table |Vl 

The asymmetries (A'p^) defined in terms of differential cross sections are presented in 
Fig. [S] depending on the invariant mass of heavy fermions for Mz' = 3500 GeV at CLIC 
with s/s = 3 TeV. One may compare the distributions between the sequential Z' model 



8 



800 1000 1200 1400 1600 1800 2000 
Mr(GcV) 



1000 2000 3000 4000 5000 

Mz(OeV) 



Figure 5: Forward-backward asymmetry for I' lepton within different Z' models at the center of 
mass energies 1 TeV (left) and 3 TeV (right). 
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Figure 6: The same as Fig. [5l but for u' . 

and Z'^ model. It is seen that Z'^ model generates more asymmetry for charged fermions 
depending on the invariant mass Mpp. One should note that there is a minimum value for 
the invariant mass distributions of each type of fermions. The value of the minimum will 
change depending on the value of the heavy fermion mass. The asymmetry for the neutrino 




M,-(GcV) M,-(GcV) 



Figure 7: The forward-backward asymmetries for the fourth family quarks (t', h') and leptons (/', 
v') depending on the heavy fermion mass at ^/s = 1 TeV (left) and ^/s = 3 TeV (right). 
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Table V: The collider beam parameters of the ILC and CLIC needed to calculate the ISR and BS. 
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Figure 8: Asymmetry depending on the heavy fermion invariant mass for sequential Z'^ model (left) 
and Z'^ model (right) for m^' = 3500 GeV at CLIC with = 3 TeV. 



remains at the same low level for these models. 



V. ANALYSIS 

In order to analyze the Z' models we define a function given by 

2 _ (a^ith z' _ ^no z')2 

where cr^i^^ z' ^no z' ^^^^ ^^le cross sections for pair production of the fourth family 
fermions with a Z' boson and without Z' boson, respectively. The integrated luminosity 
Lint is taken as 200 fb^^ at the center of mass energy y/s = 1 TeV and 600 fb~^ at i/i = 3 
TeV. The BR and e correspond to the branching ratio and efficiency for considered decay 
mode, respectively. 
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Figure 9: The distribution for t' pair production process depending on the Z' mass at y/s = 1 
TeV (left) and ^ = 3 TeV (right). 
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Figure 10: The same as Fig. [9l but for the b' pair production at ^/s = 1 TeV (left) and y/s = 3 
TeV (right). 

First, we take into account the pair production of fourth family quarks {t' and h') and 
their decays via t'i' W-^bW'b and b'b' W'tW+i W-W+bW-^Wb, respectively. 
For t' pair production process, we consider the leptonic decay of one W boson and hadronic 
decay of the other W boson giving the signal + 2bjet + 2j + MET. In Fig. El we plot the 

distribution versus Mz' assuming the mass value m^/ = 400 GeV and CKM4 elements 
Yt^' = 0.993, Vt'b = 0.108, Vt's = 0.031, Vfd = 0.009, = 0.107, Vcb' = 0.030, Kfe' = 0.016 



24| at the linear collider center of mass energies y/s = 1 TeV and 3 TeV. For b' pair 
production, we take into account the same sign W bosons decay leptonically, while the 
others decay hadronically, leading to the signal 21^ + 2bjet + 4j + MET. In Fig. [TOl the 
distribution versus Mz' assuming the mass value m^,/ = m^/ — 50 GeV at the linear collider 
center of mass energies i/i = 1 TeV and 3 TeV. 

For t'{b') pair production we can identify the Zg model in the mass range of 1250 < 
mz' < 2200 GeV (1250 < niz' < 1800 GeV) at hnear collider energy of y/s = 1 TeV. A 
higher center of mass energy i/i = 3 TeV expands this range to rriz' > 3700 GeV. However, 
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Figure 11: The distribution for I' pair production process depending on the Z' mass at ^/s = 1 
TeV (left) and ^ = 3 TeV (right). 

the other models can be identified in the smaller mass range. Specifically, for the h' pair 
production the Z'^ model will give its signature more pronounced up to 4500 GeV. 

Second, we consider the pair production of fourth family charged lepton and neu- 
trino (/' and v') and their decays via I'V — )■ W'v'W^u' ^r^W^W^ ^"^W^ and 
v'v' — ly^yU^W^^/i^ assuming the Majorana nature of the neutrino, respectively. For V 
pair production, we assume three same sign W bosons decay leptonically, while the other 
decays hadronically, giving the signal 3/=^ + 2/i=F + 2j + MET. In Fig. [TH we plot the 

distribution versus M^/ assuming the mass value m^/ = 200 GeV and PMNS4 elements 



U^n' > 0.996 and U^,i < 0.092 |25| at the colhder energies ,/s = 1 TeV and 3 TeV. For u' pair 
production, here we assume the W bosons decay hadronically, leading to the signal 2/i^ +4j. 
In Fig. [121 the distribution versus Mz' assuming the mass value m^i = mii — 100 GeV at 
the center of mass energies ^/s = 1 TeV and 3 TeV. 

In the /' pair production search we can also identify the Z'^ model in the mass range 
1500 < mz' < 2800 GeV, while the other models Z'g, Z'^ and Z'q_i^ can be identified in the 
range of m^/ > 1800 GeV at ^/s = 1 TeV. For the u' pair production search most of the 
models can be identified in the mass range 1300 < rriz' < 2200 GeV at ^/s = 1 TeV. A 
higher center of mass energy ^/s = 3 TeV expands this range to rriz' > 3700 GeV. 

The number of signal events for the fourth family pair production processes at the center 
of mass energies ^/s = 1 TeV and 3 TeV are given in Table |VT] and IVII[ respectively. Here, 
we take the masses of fourth family quarks as rrit' = my + 50 GeV= 400 GeV and fourth 
family lepton masses as m^/ = m^i + 100 GeV= 200 GeV. We assume the CKM4 elements 
given in ^] and PMNS4 elements given in 25|. The corresponding background events are 



12 



1400 



1600 1800 2000 

Mz-(GeV) 



2200 



3800 4000 4200 4400 4600 4800 5000 
Mz(GeV) 



Figure 12: The same as Fig. [TTl but for the u' pair production at ^/s = 1 TeV (left) and ^/s = 3 
TeV (right). 



Signal 


z's 










Background 


t'T 1+ + 2bj + 2j + MET 


672.9(20.02) 


787.3(175.95) 


753.7(56.82) 


814.2(108.01) 


710.4(68.35) 


W+bW^b 
1129.5 


b'b' -> 2i+ + 2b j + 4j + MET 


23.2(59.90) 


42.2(5.45) 


83.1(35.59) 


53.3(8.93) 


49.7(16.63) 


W~tW+t 
0.15 


I'T -> + 3m+ + 2j + MET 


14.7(103.94) 


15.6(1.53) 


11.2(9.05) 


14.2(74.58) 


13.8(24.97) 


ZZW+W^ 
0.02 


l/'T/' 2fj,^ + Aj 


10.9(11.43) 


279.9(82.80) 


366.0(40.22) 


224.4(35.38) 


215.6(36.25) 


w+w~w+w- 

0.91 



Table VI: Number of signal and background events for relevant final states at y/s = 1 TeV and 
Lint = 200 fb~^. The numbers in the paranthesis denote corresponding signal significances. 



also given in the last column of Table IVl] and IVin for 200 fb^^ and 600 fb~^, respectively. 
When calculating the number of signal and background events we take into account the 
corresponding branching ratios and the efficiency factors for the given channel of signal. In 
the final state including 6-quarks we take the 6-tagging efficiency as e = 0.5. 

In order to estimate signal significance for the production of fourth family fermions we 
use signal and background events at linear colliders with ^/s = 1 TeV and 3 TeV. From the 
Table IVll ( IVIip . for an illustration, we have the signal significances (S/ \/B) in the framework 
of Z's model as 20.0(28.7), 59.9(73.2), 103.9(23.4) and 11.4(187.5) for the t', b', V and v' pair 



Signal 












Background 


t'V 1+ + 2bj + 2j + MET 


730.2(28.67) 


324.2(12.73) 


409.9(16.09) 


435.2(17.09) 


402.3(15.80) 


W+bW^b 
648.5 


b'V -> 2i+ + 2b j + 4j + MET 


77.8(73.19) 


27.9(26.25) 


14.8(13.92) 


18.6(17.50) 


19.2(18.06) 


w-tw+t 

1.13 


I'V 2n^ + 3m+ + 2j + MET 


8.1(23.38) 


5.9(17.03) 


9.2(26.56) 


6.6(19.05) 


6.8(19.63) 


0.12 


— f 2^[^ + 4j 


416.3(187.49) 


52.7(23.73) 


58.8(26.48) 


81.5(36.71) 


76.4(34.41) 


4.93 



Table VII: The same as Table EH but for ^ = 3 TeV and Lint = 600 fb^^ 



13 



production, respectively. Providing the fourth family fermions exist within the considered 
mass range, the Z' models can be probed with a large significance at linear colliders. 



VI. CONCLUSIONS 

We emphasize that exploring the FF production cross sections and forward-backward 
asymmetry at linear colliders will allow further tests of the new models beyond the SM. 
Taking the masses of fourth family fermions as m^/ = 400 GeV and m// — 200 GeV with the 
constraints m^/ — my — 50 GeV and my — m^ji — 100 GeV, the CLIC (ILC) can produce 
fourth family fermions t\ b', I' and u' signal events 368(766), 21(38), 5(16), 78(231) per year, 
respectively. We study the dependence of Ap^ on the heavy fermion invariant mass Mpp. At 
CLIC (ILC), the forward backward asymmetry for t', b', I' and u' without Z' contribution can 
be calculated as 0.57(0.32), 0.62(0.48), 0.46(0.41) and 0.11(0.11), respectively The forward 
backward asymmetries of fourth family fermions can be affected with the Z' masses in the 
framework of models. For an invariant mass of Mpp 2 TeV, the t' and b' quarks can 
produce a forward backward asymmetry of A'p^ — 0.5 if the Z[p model is realized. However, 
heavy charged lepton FB asymmetry can also be measured at relatively low invariant mass 
range. Performing a analysis using the cross sections we have the mass range for the 
Z' boson which can be accessible at the linear collider experiments. We found that the Z' 
models give different predictions for the observables and their correlations, and they may be 
distinguished by jointly studying these observables at hnear colliders. 

APPENDIX 

The differential cross section for the process e+e~ — > FF is given by 



da (( 



e-e+ FF) 



dt 




8 {Ml-sf + MlTl 
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C'A^A + CyCy Al 



+ 



gWz' [Ml {Ml, 



MzMz'TzTz' + s(s 



Ml,)] 



[{Ml - sf + MlTl] [{Ml, - sf + MlTl, 



X {C\ [C'X {c^C'fA, + C^Cy^A^) + C'^sA, (c^^C'y^ + CjC^)] 

+ Q [Cl (c'XC'y^sA:, + C'lC'^A^) + (c'lC'^sA:, + C'^C'y^ A,)] } } 

where Ai = {s + tf + - AMj,t + 2M|,, A2 = Ai - AM^s and A^ = s + 2t- 2M|-. The gz 
and Qz' are the couphng constants of the neutral current interactions with the gauge bosons 
Z and Z\ respectively. The C'y {Cy) and C'J^ {Ca) vector and axial-vector couplings 
with the Z' {Z) boson. The s and t are Mandelstam variables. Mz and Mz' are the masses 
of Z and Z' bosons; Mp is the heavy fermion mass. Tz and Tz' are decay widths for Z and 
Z' bosons, respectively. In order to obtain the differential cross section depending on the 
scattering angle, da /d cos 9, the expression da/dt should be multiplied by the factor 



where /3 = \/l — 4:Mp/s, and here we use t = Mp — s{l — {3 cos9)/2. 
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